Abstract. Numerical predictor-corrector guidance algorithms are widely used in aerocapture missions. However, the overload can be quite large and even exceed the entry corridor. A hybrid guidance algorithm for Aerocapture is developed in this paper to solve this problem. First, the entry corridor and a reference trajectory for Earth aerocapture in the drag acceleration profile are obtained. Then, a three-phase hybrid guidance law combined with constant bank angle profile algorithm, feedback linearization tracking algorithm and numerical predictor-corrector algorithm is proposed. The simulation results under nominal and off-nominal conditions demonstrate that the proposed method reaches the target orbit accurately and relieves the overload efficiently.
Introduction
Aerocapture is a kind of flight maneuver to decelerate the spacecraft into desired orbit utilizing the atmospheric drag when the spacecraft is about to arrive at a planet [1] . Compared with the propulsive braking approach, Aerocapture consumes less propellant and thus improves the payload ratio [2] . Therefore, Aerocapture is widely used in interplanetary missions such as Magellan, Mars Odyssey, Phoenix, and Mars Exploration Rovers. It is also going to be the main approach of manned landing on Mars in the future [2, 3] .
Guidance law is one of the most critical technologies in the aerocapture process. It has been extensively researched in last decade: NASA made a special study on the aerocapture of Mars sampling return to Earth mission in 2003, the Hybrid Predictor-Corrector aerocapture Scheme (HYPAS) had very good performance in simulation [1] . In the HYPAS algorithm, the aerocapture process is divided into two phases: the first phase is capture phase which based on the quasi-equilibrium glide condition; the second phase is called exit phase in which the bank angle commend is generated according to the analytic predicted atmospheric exit altitude [4] [5] . Compared with the analytic predictor-corrector approach, numerical predictive corrective guidance law (NPC) is more accurate, but the altitude of the trajectory is lower during the capture phase, which results in large overload [6, 7] . Based on the NPC guidance law, Lu Ping proposed a series of energy-optimized guidance laws that focus on reducing the energy consumed to enhance perigee altitude [8] .
A hybrid guidance law based on reference drag tracking and numerical predictor-corrector is proposed in this paper. Three phases including constant-bank angle entry phase, capture phase and exit phase are considered in the design of aerocapture guidance algorithm. In the capture phase, the heating rate and overload constraints are satisfied by tracing the standard drag reference. In the exit phase, predictor-corrector method is used to insert the spacecraft into desired orbit accurately. Nominal state simulation and Monte Carlo simulation show that the guidance law can satisfy the constraints of capture corridor while maintaining high accuracy and robustness.
Dynamic model of Aerocapture
The general process of aerocapture is shown in Fig. 1 . The spacecraft enters the planetary atmosphere with a certain flight path angle along the hyperbolic orbit. The guidance system will control the spacecraft's trajectory in the atmosphere and ensure the vehicle exit atmosphere at an appropriate position and velocity to achieve the target orbit apoapsis. After reaching the desired apoapsis, a small propulsive maneuver is then performed to raise the periapsis. During the aerocapture process, the 3-DOF dynamic equations of the spacecraft are as follows: 
m is the mass of the vehicle, S is the reference area.  is the atmosphere density. 
Capture Corridor and the Standard Trajectory
During the process of aerocapture, large overload and heat flow will be generated by atmospheric friction, and the permissible range of the aerocapture trajectory must be taken into consideration. The expressions for overload, heat rate, dynamic pressure and quasi-equilibrium gliding constraints are as follows:
(11) Where Q k in the Eq.9 is the heat rate coefficient, c V is the first cosmic velocity. According to the specific aerodynamic parameters of the spacecraft, the constraint of Eq.8 ~ Eq.11 can be transformed into the capture corridor on the velocity-drag acceleration profile. Based on the capture corridor and heat flux optimization, a series of standard trajectories can be generated by the method of sequence quadratic programming or other related optimization methods [10] . The V-D profile of the capture corridor and the optimal standard trajectory are shown in Fig. 2 .
The upper boundary of the capture corridor is determined by dynamic pressure, heat flux and overload, and the lower boundary of the capture corridor is obtained by quasi-equilibrium gliding condition. The reference drag acceleration curve is below the upper bound of the entrance corridor, but does not strictly satisfy the quasi-equilibrium glide condition. This is because only in a low altitude where the air density is relatively high, the lift force is sufficient enough to maintain the gliding state; the quasi-equilibrium gliding condition cannot apply to the initial phase and the exit phase of the aerocapture.
Design of Guidance Law
Under normal circumstances, the bank angle is the only control variable during the aerocapture process since the aerodynamic parameters of the vehicles and the angle of attack do not have obvious changes at such high speed (Mach 20 to Mach 30).The lift of the spacecraft can be decomposed into the vertical plane and the lateral plane. The size of the bank angle determines the longitudinal motion while the sign of the bank angle determines the lateral motion.
Longitudinal guidance
The longitudinal motion of the aerocapture is divided into 3 phases: entry phase, capture phase and exit phase. When the acceleration is greater than 0.2g, the spacecraft will enter the capture phase and starting tracking the drag reference profile. When the speed is reduced to the specified threshold, the exit phase guidance algorithm will keep working till the spacecraft exit the atmosphere.
(1) Entry phase The aerodynamic acceleration is very small at this phase, the command bank angle is maintained at a constant value. In order to prevent the spacecraft from losing lateral mobility, the actual range of the bank angle is less than   (2) Capture phase In the capture phase, the trajectory tracking law is designed based on feedback linearization. The basic idea of feedback linearization is to convert the original nonlinear system into a linear system by means of state feedback. Then mature linear control methods can be used to design the controller [6] . Let System output is defined as yD  . Then the longitudinal motion equations (Eq.1, Eq.4, and Eq.5) are simplified as Eq.12:
where   fx and   Gx are defined as Eq.13 and Eq.14
In order to enable the system output to track the standard drag profile, the approach of the feedback linearization method is to differentiate the system output D with respect to time until the term containing the control quantity u appears explicitly in the differential equation. According to Eq.2, the derivative of D with respect to time can be written as: 
When the spacecraft is fully decelerated in the atmosphere and reaches a certain threshold, the guidance mode is switched to the apogee altitude correction mode to allow the spacecraft to insert the desired orbit accurately. The apogee height is determined by (23) In order to achieve the preset orbit apogee height, a numerical predictor-corrector method is used. The command bank angle in every guidance cycle is set to a constant. During each guidance cycle, the golden section method is used to search for the constant by integrating the longitudinal motion equation (Eq.12) until the apogee height constraint is satisfied.
Lateral Guidance
An Apollo-like lateral logic is adopted in lateral guidance [2] , that is, the sign of the bank angle is reversed whenever the lateral speed exceeds a certain "funnel-shaped" dead band.
Simulation Evaluation
The mission of Orion Crew Exploration Vehicle (CEV) return to LEO from the Moon through Aerocapture is simulated using the hybrid guidance algorithm proposed in this paper. The main parameters of CEV are shown in Table 1 [9] .The parameters used to generate the capture corridor are as follows: Table 2 shows the initial conditions of CEV aerocapture. Terminal constraints are set as follows: the height of exit point is 121.9km; the apogee height of target orbit is 300 km; the value of the command bank angle is in the range of 15deg to 150deg. The threshold for switching from the entry phase to the capture phase is set as: 0.2 Dg  . The speed threshold for the transition from capture phase to exit phase is 9200m/s. As for the drag acceleration tracker, parameters are set as: 0.6
The simulation step size is set to 0.1s and the command bank angle updates every 1s. 
Simulation under Nominal Conditions
In order to verify the reliability and advantage of the guidance algorithm proposed in this paper, the NPC guidance method [8] and the hybrid guidance method proposed in this paper are simulated and contrasted. Under the nominal condition, the apogee altitude obtained by NPC guidance method is 301.4km, and the result obtained by hybrid guidance is 302.34km, which is slightly different from the expected altitude of 300km. This is due to the fact that the simplified longitudinal motion equations used in the prediction section ignore the effects of the Earth's rotation and, on the other hand, there is always a one-cycle delay between the CEV's movements and guidance commands. The specific results of the two guidance methods in the nominal state are shown form Fig.3 to Fig.6 . As can be seen from Fig.3 , both guidance laws reduce the spacecraft from 11.02 km/s to about 7.8 km/s, and atmospheric drag provides a V  of 3.16km/s. The trajectory obtained by the NPC guidance law is at an altitude of 57km at the speed of 9km/s to 10km/s, which is lower than the than trajectory obtained by the hybrid guidance. The impact of different height is shown in Fig.4 : the maximum drag acceleration obtained by NPC method is about 5g which exceeds the capture corridor of the CEV. However, the maximum drag acceleration is reduced to 3.5g using the hybrid guidance method. Fig.6 describes the velocity-lateral velocity profiles and the velocity-bank angle profiles respectively. It is obvious that when the lateral velocity exceeded the preset lateral velocity boundary, the bank angle reversed immediately, so that the lateral velocity remains within the controllable boundary. The bank angle have reversed three times during the whole process, and the final lateral velocity error is less than 15m/s, which ensures that the spacecraft insert the desired orbital plane with high accuracy.
Simulation under Off-nominal Conditions
Similar to the reentry problem, the aerocapture process is significantly affected by the uncertainties of atmospheric parameters and vehicle's parameters, which may lead to mission failure. In order to judge the robustness of the hybrid guidance algorithm presented in this paper, Simulations are conducted under the condition of substantial dispersions of ±10% in atmospheric density, lift coefficient and drag coefficient. The orbital apogee altitudes and maximum overloads during aerocapture are shown in Table 3 .
It can be seen that the air density and lift coefficient have little effect on the simulation results from Table 3 . However, the drag coefficient has a great influence on the result of final apogee height. The deviation of the apogee height obtained by the hybrid guidance method is less than 25km which is slightly larger than the classical NPC guidance method. The dispersions of aerodynamic parameters have a larger influence on the hybrid guidance method since the feedback linearization method requires a higher model accuracy. However, the hybrid guidance law still prevents the overload from exceeding the maximum overload constrain. The simulation results demonstrate the robustness of the proposed hybrid guidance method. 
Conclusion
Focusing on the problem that the classical numerical predictor-corrector method in aerocapture task is hard to satisfy the constraints of capture corridor, a hybrid aerocapture guidance law combining the standard trajectory tracker and the numerical predictor-corrector method is proposed in this paper.
The results of simulation show that the hybrid guidance method can relieve the overload efficiently in the aerocapture. In the presence of aerodynamic parameter uncertainties and dispersions, the hybrid guidance law maintains a relative high accuracy while satisfying the constraints of the capture corridor. The method has a certain reference value for the improvement of aerocapture guidance technology.
